Diamond, a well-known wide-bandgap insulator, becomes a low-temperature superconductor upon substitutional doping of carbon with boron. However, limited boron solubility and significant lattice disorder introduced by boron doping prevent attaining the theoretically-predicted high-temperature superconductivity. Here we present an alternative co-doping approach, based on the combination of ionic gating and boron substitution, in hydrogenated thin films epitaxially grown on (111)-and (110)-oriented single crystals. Gate-dependent electric transport measurements show that the effect of boron doping strongly depends on the crystal orientation. In the (111) surface, it strongly suppresses the charge-carrier mobility and moderately increases the gate-induced doping, while in the (110) surface it strongly increases the gate-induced doping with a moderate reduction in mobility. In both cases the maximum total carrier density remains below 2·10 14 cm −2 , three times lower than the value theoretically required for high-temperature superconductivity. Density-functional theory calculations show that this strongly orientation-dependent effect is due to the specific energydependence of the density of states in the two surfaces. Our results allow to determine the band filling and doping-dependence of the hole scattering lifetime in the two surfaces, showing the occurrence of a frustrated insulator-to-metal transition in the (110) surface and of a re-entrant insulator-to-metal transition in the (111) surface.
I. INTRODUCTION
Diamond, a band insulator with a wide band gap ∼ 5.5 eV, holds a great potential for both fundamental and applied science, thanks to its large thermal conductivity and intrinsic charge-carrier mobility, excellent electrochemical stability, high breakdown electric field, and biocompatibility [1] . Two main methods exist to induce hole-type conductivity in diamond: boron (B) substitution to carbon (C) atoms in the bulk lattice, and hydrogen (H) termination of the dangling bonds at the surface. Since B dopants remove electrons from the valence band of diamond, B substitution at very large concentrations (> 10 20 cm −3 ) is able to induce a full insulator-to-metal transition and superconductivity (SC) at low temperature [2] [3] [4] . At the same time, however, it introduces significant lattice disorder, degrading its otherwise excellent normal-state and SC transport properties [5] [6] [7] [8] . Indeed, disorder and limited B solubility have so far been the major obstacle in exploiting its very large Debye temperature (∼ 2000 K) to experimentally attain its predicted high-temperature superconductivity [9] [10] [11] [12] . Alternatively, when H-terminated diamond surfaces are exposed to electron-accepting molecules (such as air moisture), electron transfer can occur from the valence band of diamond to the empty energy levels of the adsorbates [14, 15] . This results in the formation of twodimensional hole gases (2DHGs) with a low hole density ( 10 13 cm −2 ) that can be further tuned by a transverse electric field [13] [14] [15] [16] . Notably, these 2DHGs are bound to the surface since the field-induced hole density extends by less than 1 nm from the first C layer for typical intensities of the transverse electric field [17] [18] [19] , although their confinement may be slighly reduced in the presence of ultrahigh electric fields which are able to penetrate further into the bulk [20] [21] [22] [23] [24] . These 2DHGs have also been predicted to host electric-field-induced superconductivity, when the induced surface hole densities become large enough [17] [18] [19] . However, the extensive experimental studies carried out on the electric transport properties of gated H-terminated diamond surfaces have not yet reported evidence for either superconductivity or good metallic behavior, likely due to the low densities ( 7·10 13 cm −2 ) that were achieved [25] [26] [27] [28] [29] [30] . This was relatively surprising, since these studies employed the ionic gating technique, which can potentially tune surface carrier densities of the order of 10 15 cm −2 [20, [31] [32] [33] thanks to the extremely large geometrical capacitance of the electric double layer (EDL) at an electrolyte/electrode interface [34, 35] . However, we recently demonstrated [36] that the presence of a finite B doping allowed to increase the maximum sheet carrier density tunable in EDL-transistors (EDLTs) realized on nanocrystalline diamond films by a factor ∼ 3, an approach that could potentially be transferable to high-mobility epitaxial films.
In this work, we build upon our previous results and perform a doping-dependent characterization of the electric transport properties of H-terminated diamond thin films epitaxially grown on oriented single-crystal substrates by means of a co-doping approach, were ionic gating and B substitution are simultaneously employed to tune the free hole density in a thin surface layer. We focus our attention to (111)-and (110)-oriented facets for thin film growth, since these are the crystal orientations where field-induced superconductivity has been predicted to emerge at sufficently large values of hole density [17] [18] [19] . While the values of hole density theoretically required for high-temperature superconductivity (∼ 6 · 10 14 h + cm −2 [19, 25] ) remain outside of our reach, we find evidence of a strong sensitivity to the crystal orientation in the behavior of the ion-gated epitaxial films upon the introduction of B dopants. We find that B substitution introduces a slightly larger free hole density in the (111)-oriented films than in the (110)-oriented ones, at the expense of a much larger suppression in the hole mobility. Most strikingly, we also discover that the B doping leads to a five-fold increase in the gate capacitance in the (110)-oriented films, while leaves that of the (111)-oriented films almost unaffected. By employing ab initio calculations of the electronic bandstructure of the doped surfaces, we are able to directly link this orientation-dependent capacitance enhancement to the specific energy-dependence of the electronic density of states in the two surfaces, which leads to starkly different doping-dependencies of their quantum capacitance. By combining our gate-dependent transport measurements with the calculations, we also estimate the doping-dependencies of the hole scattering lifetime in the two surfaces, which reveal that the combination of ionic gating and B doping tunes the (110) and (111) surfaces across a frustrated and re-entrant insulator-tometal transition respectively.
II. RESULTS

A. Device fabrication
We selected commercial (111)-and (110)-oriented Ibtype single crystals grown by the high-temperature highpressure method (Sumitomo) as substrates for thin-film growth. Prior to the growth process, the substrates were thoroughly cleaned by the procedure detailed in Table I. A nominally undoped, 100 nm-thick homoepitaxial buffer layer was first grown to avoid any influence from the nitrogen dopants in the substrates. An additional 2 nmthick B-doped delta layer was subsequently grown on half the samples. Growths were performed in two specifically process-dedicated reactors -in order to avoid any B contamination of the intrinsic layer -in H 2 /CH 4 atmosphere, resulting in H-termination of all the surfaces. The B dopants were supplied by a solid B-coated wire (Goodfellow) inserted into the MPCVD chamber by means of a magnetic manipulator. Growth parameters were set in order to match the calibrated growth rate on (100)oriented single crystals, as described in Refs. 44 and 45: all reported thicknesses should thus be treated as nominal values only. Consequently, in the following we will limit our discussion to quantities (carrier density, conductivity, mobility, capacitance) per unit surface, which remain well-defined even in the absence of a well-defined sample thickness. The resulting diamond layer stack is sketched in Fig. 1(a) for the two types of films (H-terminated and B-doped).
After the growth, all substrate facets except the top one were etched and oxidized via argon/oxygen plasma, leaving only the top facet conductive. The surface morphology of the films was then inspected via Atomic Force Microscopy (AFM). In Fig. 1 (c,d) we show two 10µm×10µm topography maps acquired with a Bruker Innova microscope in tapping mode on a (111) and (110)oriented film respectively. The most prominent features correspond to smooth, oriented trenches extending across both surfaces, which we ascribe to the substrate polishing process and are replicated at the film surface due to the conformal growth. We do not observe the presence of rectangular or triangular grains in the topography, thus excluding a significant degree of polycrystalline growth [36, 46] . We do, however, observe the presence of sharp "cusps" scattered throughout the (111) surface: These could either be due to an imperfect cleavage of the substrate along its crystalline axis, or to an imperfect conformal growth of (111)-oriented facets in the film [46] . The mean square roughness of the two surfaces (S q | (111) ≃ 3.8 nm and S q | (110) ≃ 2.4 nm) is typical of polished Ib crystals [44] and one order of magnitude smaller than those of nanocrystalline films [36] . On the other hand, the peak-to-peak roughness of our samples is ∼ 23 and ∼ 16 nm respectively: Assuming a nominal delta-layer thickness of 2 nm, we cannot in principle rule out the presence of discontinuities in the conducting surface layer, leading to a degradation in the macroscopic conductivity and mobility, as well as to an increase in the degree of disorder. This issue could be addressed in future works by optimizing the growth of the buffer layer, which has been shown to allow reducing S q down to the sub-nm range [44] .
After this preliminary characterization, the epitaxial films were incorporated into the EDLT architecture. As sketched in Fig. 1(b) , the few-mm thick diamond substrates were encased in a plastic holder, which was sealed by briefly heating the assembly above the melting point of the plastic (∼ 70 • C). Electrical contacts for four-wire sheet conductivity measurements (source, drain and longitudinal voltage probes) were realized by drop-casting a small amount of silver conductive paste. The side gate was realized by glueing a thin gold leaf to the plastic holder at the same level of the diamond surface. Additionally, a thin gold wire was fixed in close proximity to both the gate and the sample to act as the reference electrode. Finally, the liquid precursor to the polymer-electrolyte system (PES) was drop-casted on the side gate, the reference electrode and the diamond surface between the voltage contacts and UV-cured in the controlled atmosphere of a dry room, resulting in a rubbery, mechanicallystable ion-gel. Following our earlier experiments on nanocrystalline diamond films [36] , the PES was composed of a misture of Bisphenol A ethoxylate dimethacrylate oligomer (BEMA) and 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ionic liquid (EMIM-TFSI) in a 7:3 weight ratio, together with 3wt.% of Darocur 1173 photoinitiator. The complete device was then mounted on the cold finger of a Cryomech pulsetube cryocooler and left to degas in high vacuum (p 10 −5 mbar) overnight to minimize water traces absorbed in the PES.
B. Ionic-gate operation
Gate-dependent electric transport measurements were performed at the optimal operation temperature T ≃ 240 K, slightly above the glass transition temperature of the PES, to minimize the chance of activating electrochemical reactions at the H-terminated surface. The sheet resistance R s of the samples was measured by applying a small DC current I DS ∼ 1µA between the drain and source contacts and measuring the longitudinal voltage drop V xx across the voltage contacts. Common mode offsets such as thermoelectric voltages and (small) contributions from the gate current were removed by measuring R s with both signs of I DS and taking the average [31] . The sheet conductance was determined as σ 2D = 1/R s . Gate voltages V G between −1 V and −6 V were applied between the gate and source contacts while simultaneously measuring the gate current I G and the voltage drop V ref between the reference electrode and the source. Agilent 34420 nanovoltmeter and a Keithley 2182 nanovoltmeter respectively.
Each gate-dependent measurement was performed according to the procedure detailed in Refs. 31, 36-39. Briefly, the selected value of V G was applied and removed in a step-like fashion, and the resulting transients on σ 2D , I G and V ref were acquired. After each step-like application/removal, the ion dynamics were allowed to settle for at least ∼ 10 min. Each V G value was applied and removed multiple times to ensure the reproducibility of the measurements. Double-step chroconoulometry (DSCC), a well-established electrochemical technique [40] that allows to determine the amount of charge stored in the EDL during the charging/discharging of an EDLT [31, [36] [37] [38] [39] , was employed to determine the gate-induced hole density ∆n 2D at the diamond surface from the I G transients. The gate-induced voltage drop across the electrolyte/diamond interface was directly monitored as
This removes parasitic voltage drops across the gate/electrolyte interface, and is mandatory for a reliable estimation of the gate capacitance [41] .
We first discuss the dependencies of ∆n 2D on ∆V ref in our ion-gated diamond films as shown in Fig. 2(a,b ). For simplicity, in the following we shall refer to H-(111) and H-(110) to the H-terminated films and B-(111) and B-(110) to the B-doped films. In all cases, the sheet carrier density increases with increasingly negative ∆V ref with a nearly linear scaling, allowing for a reliable estimation of the gate capacitance C G from the slope of the linear fit. All values C G will be given with an uncertainty of 30%, which is the typical uncertainty of ∆n 2D measured by DSCC. In the H-terminated surfaces [see Fig. 2(a) ] C G and the maximum achieved ∆n 2D are strongly orientation-dependent. In the H-(111) surface, we find C G = 1.36±0.41 µF cm −2 , comparable to the val-ues reported in the literature (2.6 − 4.6 µF cm −2 ) [25] [26] [27] , whereas in the H-(110) surface we find a much smaller value C G = 0.44 ± 0.13 µF cm −2 . As a consequence, we find that the maximum achieved ∆n 2D in the H-(111) surface is ∆n max 2D = 3.2 ± 0.3 · 10 13 h + cm −2 , again comparable with the literature values [25] [26] [27] , and much larger than the value in the H-(110) surface ∆n max 2D = 9.1 ± 2.4 · 10 12 h + cm −2 . Conversely, in the B-doped surfaces [see Fig. 2 (b)] both C G and ∆n max 2D are found to be slighly larger in the (110) surface, although the differences are much less pronounced than in the Hterminated surfaces: We find C G = 2.06 ± 0.62 µF cm −2 and ∆n max 2D = 3.7 ± 1.0 · 10 13 h + cm −2 for the B-(111) surface and C G = 2.53 ± 0.76 µF cm −2 and ∆n max 2D = 4.7 ± 1.0 · 10 13 h + cm −2 for the B-(110) surface. Overall, we find that the B-doping process leads to more than a five-fold enhancement in C G and ∆n max 2D in the (110) surface, while it leaves those in the (111) surface almost unaffected. Notably, even in the B-doped epitaxial films C G and ∆n max 2D reach up only to about one-third of their values in thick (300 nm) B-doped nanocrystalline diamond films [25, 36] , suggesting that the thickness of the B-doped diamond layer may play an important role in the enhancement of the gate capacitance.
We now consider the dependencies of σ 2D on ∆n 2D in our ion-gated diamond films as shown in Fig. 2(c,d) . In all films, σ 2D increased monotonically at the increase of the induced hole density, showing signs of incipient saturation at large ∆n 2D . Notably, we did not observe significant decreases of σ 2D over time when large negative ∆V ref were being held at the electrolyte/diamond interface. This suggests that the interface between hydrogenated diamond and EMIM-TFSI ionic liquid was stable when operated at T ≃ 240 K, and electrochemical reactions -such as the anodic oxidation of the H-terminated surface, which was reported to possibly become an issue [26] -were mostly negligible. In all of our films, a finite σ 2D was observed also at V G = 0, indicating the presence of a finite " intrinsic" density of free holes, n 0 : In the B-doped surfaces, this can be directly ascribed to the presence of the B dopants. In the H-terminated surfaces, it indicates that electron-accepting molecules were adsorbed to the diamond surface, resulting in a finite free hole density from charge-transfer [14, 15] . In turn, this suggests that either residual surface adsorbates due to air exposure of the film became trapped during PES dropcasting, or that the polymeric chains in the PES itself acted as electron acceptors. Thanks to the monotonic increase of σ 2D with ∆n 2D in all our films, the value of n 0 for the different surfaces can be estimated by linear regression of the experimental data to σ 2D = 0. This gives n 0 = 9.6 ± 2.9 · 10 12 h + cm −2 for the H-(111) surface, n 0 = 4.1 ± 1.2 · 10 12 h + cm −2 for the H-(110) surface, n 0 = 1.5 ± 0.4 · 10 14 h + cm −2 for the B-(111) surface, and n 0 = 9.7 ± 2.9 · 10 13 h + cm −2 for the B-(110) surface. As expected, the values of n 0 introduced by the B-doping process are more than one order of magnitude larger than those associated with H-assisted charge transfer, and the (111) surface shows larger values of n 0 than the (110) surface both in H-terminated and B-doped films. The large difference in n 0 between H-terminated and B-doped films also accounts for their very different tunability upon application of a finite V G : σ 2D in the H-terminated films (where n 0 ≪ ∆n max 2D ) can be tuned by ∼ 300% of its value at V G = 0, whereas in the B-doped films (where n 0 ≫ ∆n max 2D ) only by ∼ 20%. Having determined both the intrinsic and gate-induced hole densities, n 0 and ∆n 2D , we can also recover the total hole density in our ion-gated films as n 2D = n 0 + ∆n 2D . In Fig. 3(a) we map the dependence of σ 2D in all iongated films as a function of the total carrier density per unit surface. The H-terminated surfaces show a very similar dependence of σ 2D on n 2D , suggesting that the two surfaces share comparable values of hole mobility. The main difference between the two lies in the fact that the H-(111) surface is able to accomodate a larger amount of field-induced free carriers and can thus become more conducting than the H-(110) surface. The behavior of the B-doped surfaces is more complex. In both B-(111) and B-(110) σ 2D increases with increasing n 2D ; however, the introduction of B dopants suppresses σ 2D in the B-(111) surface below its minimum value in the H-(111) surface, whereas it further enhances σ 2D in the B-(110) surface above its maximum value in the H-(110) surface. This indicates that the B-doping process affects in a very different way the mobility in the two surfaces. We assess this quantitatively in Fig. 3(b) , where we plot the n 2D -dependence of the hole mobility µ = σ 2D /en 2D where e is the elementary charge. As expected, the H-(111) and H-(110) surface shows very similar values of µ and similar n 2D -dependencies: As already reported in the case of ion-gated H-(111) and H-(100) surfaces at T > 200 K [25, 26] , µ ∼ 100 cm 2 V −1 s −1 near V G = 0 and then rapidly decreases at the increase of n 2D . This behavior has been explained as due to a combination of the intrinsic doping dependence of acousticphonon scattering [25, 26, 42, 43] and the gate-induced disorder caused by the ions in the EDL acting as charged scattering centers [25, 36, 38, 61, 62, [71] [72] [73] [75] [76] [77] [78] . The introduction of B dopants strongly suppresses µ in both diamond surfaces, but with a starkly different effectiveness. In the B-(110) surface, µ ∼ 15 cm 2 V −1 s −1 and is still weakly decreasing at the increase of n 2D . Moreover, the reduction in µ between the H-(110) and B-(110) surface is "smooth" as it does not deviate too much from a simple extrapolation of the n 2D -dependence in the H-(110) surface. In the B-(111) surface, on the other hand, µ ∼ 3 cm 2 V −1 s −1 is nearly constant with increasing n 2D and deviates from a simple extrapolation of the n 2Ddependence in the H-(111) surface by about one order of magnitude. These findings suggest that the B dopants suppress µ in the (110) surface mainly due to its intrinsic doping dependence, with a minimal contribution coming from the introduction of extrinsic disorder, whereas this latter contribution appears to be dominant in the (111) surface. We summarize the main physical parameters obtained by the gate-dependent transport measurements in Table II .
C. Electronic bandstructure
To obtain further insight in the orientation-dependent response to B doping of our ion-gated diamond films, we carried out ab initio density functional theory (DFT) calculations as implemented in the Quantum ESPRESSO package [47] for the electronic bandstructure and the density of states (DOS) in H-terminated, hole-doped (111) and (110) diamond surfaces. Exchange-correlations corrections were included via the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [48] .
Coreelectrons contributions of C atoms were modelled with a projector-augmented wave pseudopotential (PAW [49] ) while those of H atoms with a norm-conserving Vanderbilt pseudopotential [50] , both obtained from the standard solid-state pseudopotential (SSSP) precision library [51] . Energy cut-offs for the valence-electron wavefunction and for the density were set to 65 Ry and 600 Ry respectively. Convergence conditions for the selfconsistent solution of the Kohn-Sham problem were set to 10 −9 Ry for the total energy and to 10 −3 Ry/Bohr for the total force acting on the atoms. Brillouin zone integrations were performed on Monkhorst-Pack grids [52] composed of 24×24×1 k-points for the (111) surface and 24×16×1 k-points for the (110) surface, using a Gaussian smearing of 6 mRy. For each self-consistent calculation, a preliminary relaxation of the atomic positions was carried out. The DOS were calculated on Monkhorst-Pack grids using twice the number of k-points and tetrahedra occupations to ensure better convergence of the results.
The oriented diamond surfaces were modelled following Ref. 19 : We considered slab structures composed of 14 layers of C atoms, oriented either along the (111) or (110) directions, and terminated by a layer of H atoms on both sides. The (111)-and (110)-oriented slabs were composed by a total of 16 and 30 atoms per unit cell respectively. The in-plane lattice constant for the (111) orientation was set to a = 2.52224Å, that for the (110) orientation to a = 3.56676Å, i.e. the values computed for bulk diamond [17, 19] . The out-of-plane supercell was then constructed by adding ≈ 30Å of vacuum between the repeated images. Charge doping was included in a Jellium model, i.e. by adding to the system a given number of holes per unit cell, together with a uniform negative background to maintain charge neutrality. Note that this approach neglects the intense electric field present at the electrolyte/diamond interface, which could be taken into account using the more computationally-demanding field-effect geometry [19, 53] . However, it was explicitly demonstrated in Ref. 19 that the bandstructure of diamond near the Fermi level showed little dependence on the electric field for n 2D 2 · 10 14 h + cm −2 , which is the largest hole density we consider in this work. More importantly, in our films the hole density is only partially confined in the electric-field-induced potential well at the surface, with the largest contribution coming from the B dopants which are more appropriately approximated by the Jellium model. Since the current distribution of Quantum ESPRESSO is not able to combine the fieldeffect geometry with a separate Jellium doping in the same simulation, we selected the Jellium approximation as the one that more closely mimics the experimental configuration.
Overall, we performed electronic bandstructure and DOS calculations for seven different values of n 2D between 3 · 10 12 h + cm −2 and 2 · 10 14 h + cm −2 for both the H-terminated (111)-and (110)-oriented diamond slabs. Here we will focus our discussion on the two most emblematic cases of n 2D = 1 · 10 13 and 1 · 10 14 h + cm −2 , as shown in Fig. 4 . The bandstructures of both surfaces are in good agreement with the literature [25] : For the (111) surface [see Fig. 4(a,c) ] the bandstructure is composed of two topmost valence bands, degenerate at the Brillouinzone center and with a good parabolicity, resulting in a nearly step-like energy-dependence of the DOS; and by further lower-energy bands that remain below the Fermi level E F , in good agreement with Ref. 19 . For the (110) surface [see Fig. 4(b,d) ] the energy-dependence is more complex, as was also reported in Refs. 17 and 18: multiple bands are present within a relatively small energy window (∼ 300 meV) from the top of the valence band, all of them featuring a significant degree of non-parabolic dispersion in at least one of the high-symmetry cuts across the Brillouin zone. This results in a multi-step energy dependence of the DOS, making it sensitive to hole doping.
As a consequence, the band filling for increasing Fig. 4(a,b) ], a doping level comparable to the doping range experimentally accessible in the H-terminated surfaces, two bands are filled in the (111) surface and the density of states at the Fermi level is already sizeable, DOS(E F ) ≃ 3.8·10 14 eV −1 cm −2 . Conversely, in the (110) surface only one band is filled and the density of states is significantly smaller, DOS(E F ) ≃ 1.9 · 10 14 eV −1 cm −2 . As a consequence, the chemical potential measured from the top of the valence band, E v − E F , is significantly larger in the (110) surface than the one in the (111) surface. When we consider n 2D = 1 · 10 14 h + cm −2 [see Fig. 4(c,d) ], a doping level comparable to the doping range experimentally accessible in the B-doped surfaces, E F shifts downward in energy in both cases, but with quite different results. In the (111) surface, the band filling is unchanged with respect to the low-doping case, and the small non-parabolicity of the bands results only in a small increase in DOS(E F ) ≃ 5.3 · 10 14 eV −1 cm −2 .
In the (110) surface, on the other hand, three bands are now filled, the two at higher energy more heavily so than the third one. This strong change in the filling, together with the significant band non-parabolicity of the first two bands along the Γ−K direction, directly results in a huge increase in DOS(E F ) ≃ 9.2·10 14 eV −1 cm −2 , which is now larger than the one in the (111) surface. The main physical parameters obtained from the bandstructures and DOS shown in Fig. 4 are summarized in Table III .
III. DISCUSSION
Our gate-dependent electric transport measurements and ab initio DFT calculations show that a clear analogy exists between the behavior of the gate capacitance and that of the DOS at the Fermi level in the H-terminated (111) and (110) diamond surfaces as a function of hole doping. In the (111) surface, both quantities weakly increase upon the large increase in n 2D associated to the inclusion of B dopants in the experimental samples. In the (110) surface, on the other hand, both quantities are significantly smaller for n 2D 1 · 10 13 h + cm −2 , in the absence of B dopants, and exhibit a huge increase for n 2D 7 · 10 13 h + cm −2 , when B dopants are present in the experimental samples, eventually overcoming the corresponding values in the (111) surface. This can be quantified by plotting the doping-dependence of the ratios between the experimentally-measured values of C G in the (110)-and (111)-oriented films, together with the ratios of the theoretically-calculated values of DOS(E F ). As we show in Fig. 5(a) , an extremely good match with the theoretical DOS ratio (filled black dots) is found both at low n 2D 1 · 10 13 h + cm −2 in the H-terminated surfaces (blue shaded band) and at large n 2D 7·10 13 h + cm −2 in the B-doped surfaces (red shaded band), with the theoretical DOS ratio nicely reproducing the huge increase in C G upon the introduction of B dopants. This proportionality between C G and DOS(E F ) is typical of field-effect devices where the total gate capacitance is dominated by the quantum capacitance C Q = e 2 DOS(E F ) [54] [55] [56] [57] [58] . This is often observed in ion-gated devices due to the extremely large geometrical capacitance of the Helmholtz layer C H , since the two contributions sum in series to determine C G [41, 59-65]:
where α is a dimensionless proportionality constant that takes into account the "cross-talk" in electrostatic screen-ing between the ions in the EDL and the field-induced charge carriers at the surface of the gated material, as recently demonstrated in Ref. 41 . We explicitly show that our ion-gated diamond films satisfy Eq. 1 in the inset to Fig. 5(a) , and we fit the DOS-dependence of C G to Eq. 1 to determine α and C H . From the best fit (black dashed line), we find C H ≈ 22 µF cm −2 , a typical value for electrolyte-based gates [38, 41, 66] , and α ≈ 0.015. For comparison, the authors in Ref. [41] determined a much larger α ≈ 0.29 ÷ 0.47 in ion-gated molybdenum and tungsten diselenides: This is consistent with their much larger values of C G ≈ 10 ÷ 40 µF cm −2 and comparable values of DOS ≈ 2 ÷ 10 · 10 14 eV −1 cm −2 (depending on the number of filled bands). Since α = 1 in the absence of cross-talk, this indicates that the influence of screening cross-talk between the ions and the field-induced charge carriers in the ion-gated diamond films is much stronger than in the ion-gated diselenides, likely due to subtle differences in electrostatic screening between the three materials. Although a quantitative, microscopical explanation for this difference will likely require a more detailed model than the one currently available [41] , it is interesting to note that an improved electrostatic screening due to a much thicker B-doped layer may help in explaining the origin of the much larger C G ≃ 6.3 µF cm −2 observed in thick (300 nm) B-doped nanocrystalline diamond films [25, 36] . Gate-dependent electric transport measurements and ab initio DFT calculations can also be combined to determine the doping-dependence of the Drude-like chargecarrier scattering lifetime τ from that of the mobility, disentangling it from the doping-dependencies of the DOS and the average effective mass in the system [61, 62, 67] . Note that τ is the total scattering lifetime in the system, and thus for T < 0 includes both elastic scattering terms (such as those coming from defects) and inelastic scattering terms (such as electron-phonon scattering). As originally demonstrated in Ref. 67 , this can be done by dividing the experimental value of µ by the mobility-toscattering lifetime ratio, µ/τ , which can be computed directly from the ab initio electronic bandstructure. Assuming that τ ∝ DOS(E F ) −1 , the in-plane conductivity can be written as [67] :
where v 2 F is the average squared in-plane Fermi velocity, which we compute from the ab initio bandstructure as follows. For each high-symmetry cut across the Brillouin zone j, we calculate the corresponding group velocity at the Fermi level for the i-th band ε i , v j,i = 1/ ∂ε i /∂k j | E=EF . The values of v j,i are then averaged over the different high-symmetry cuts and over the filled bands:
where g i marks whether the i-th band is empty (g i = 0) or filled (g i = 1), and g j is the number of high-symmetry cuts [g j = 2 for the (111) surface and g j = 3 for the (110) surface]. For each value of n 2D , he maximum difference between v j,i measured along the different high-symmetry cuts is taken as the uncertainty. Thus, one obtains the n 2D -dependence of µ/τ by:
which we plot in Fig. 5(b) for both the (111) and (110) diamond surfaces. In both cases, µ/τ decreases with increasing n 2D , indicating that part of the mobility decrease as a function of n 2D is due to the dopingdependence of the bandstructure. In the (111) surface, since the same two bands are filled at any n 2D ≤ 2 · 10 14 h + cm −2 , the decrease of µ/τ with increasing hole doping is featureless and monotonic. Conversely, in the (110) surface a clear non-monotonic feature is present in the doping-dependence of µ/τ in the range between n 2D = 3 · 10 13 and 7 · 10 13 h + cm −2 , caused by the filling of the second topmost valence band. The doping-induced crossing of the band edge by the Fermi level should also result in corresponding "kinks" in the doping-dependencies of σ 2D and µ [67] , as was demonstrated in gated single-and few-layer graphene [61] [62] [63] and transition-metal dichalcogenides [41, 73, 74] . However, this doping range was not covered by values of n 2D experimentally reached in our (110)-oriented films, preventing the experimental observation of these nonmonotonicities in our films.
In Fig. 5(c) we plot the dependence of τ on n 2D obtained by dividing the experimental values of µ, shown in Fig. 3(b) , by the corresponding values of µ/τ obtained by linear interpolation of the data shown in Fig. 5(b) to the experimentally-measured values of n 2D . Broadly speaking, the scattering lifetime shows a similar behavior as that of the mobility, with a few notable differences. First, in the H-(110) surface at n 2D 1 · 10 13 h + cm −2 , τ actually increases with increasing n 2D . This indicates that, at very low doping, the improved screening due to the increase in carrier density is more important than both the increase in electron-phonon scattering [25, 26, 42, 43] and the gate-induced increase in Coulomb scattering centers [25, 36, 38, 61, 62, [71] [72] [73] [74] [75] [76] [77] [78] . At larger doping, τ again decreases with increasing n 2D in both the H-(110) and H-(111) surfaces. In the B-doped surfaces, on the other hand, τ is basically doping-independent within the uncertainty range, suggesting that the scattering rate is for the most part caused by the introduction of the B dopants. As was observed for µ, we find that the dopingdependence of τ in the H-(110) surface can be extrapolated smoothly to that in the B-(110) surface, whereas a sharp drop by more than one order of magnitude is observed going from the H-(111) to the B-(111) surface.
Finally, we combine the theoretical values of the chemical potential measured from the top of the valence band, E v − E F , with the values of τ to calculate the Ioffe-Regel parameter x = (E v − E F )τ / and directly assess the metallicity in our films. We show the resulting n 2D -dependence of x in Fig. 5(d) , together with the Mott-Ioffe-Regel criterion x = 1 which characterizes the insulator-to-metal transition (IMT) in disordered systems [68] . Once again, the behavior of the ion-gated H-terminated and B-doped surfaces is starkly different. In both the H-(111) and H-(110) surfaces, the additional doping provided via the ionic gate allows to tune the system from relatively deep in the insulating side of the IMT (x < 1) to the quantum critical regime slighly on the metallic side of the IMT (x ≈ 1). In these conditions, we expect the conductivity of the system to decrease as a power law with decreasing temperature, but still remaining finite for T → 0. The introduction of B dopants, on the other hand, effectively "freezes" the state of the two surfaces, preventing a further tuning via the ionic gate. The B-(110) surface becomes locked in the quantum critical regime, very close to the Mott-Ioffe-Regel criterion, effectively frustrating the full development of the IMT. The B-(111) surface is pushed back into the insulating side, resulting in a full-on re-entrant IMT instead, although in this case the ionic gate appears to be able to still slightly tune x closer to the IMT, even if ineffectively. Overall, the effects of B doping are confirmed to be strongly dependent on the film orientation: The (110) surface is found to be very resilient against the introduction of extrinsic disorder caused by the B dopants, thus obtaining a main effect in the form of an additional hole doping. The (111) surface, on the other hand, while more effectively incorporating the B dopants in the crystal lattice, is also extremely sensitive to the additional extrinsic disorder, which is found to be the dominant effect in the tuning of its metallicity.
IV. CONCLUSIONS
In summary, we have investigated the impact of a hole co-doping approach, which combines ionic gating and standard B substitution, on the electric transport properties of H-terminated diamond films epitaxially grown on (111)-and (110)-oriented diamond substrates. By performing gate-dependent transport measurements at T = 240 K, we have shown that the effect of B doping is strongly dependent on the crystal orientation. In the (111) surface, it strongly suppresses the charge-carrier mobility and leads to a small increase in the gate capacitance. In the (110) surface, it strongly increases the gate capacitance with a moderate reduction in mobility. In both surfaces, the maximum capacitance is much smaller than that of B-doped, thick nanocrystalline films, suggesting that the thickness of B-doped diamond plays a significant role in determining the gate capacitance. Our ab initio DFT calculations of the electronic bandstructure indicate that the strongly orientation-dependent increase of the gate capacitance is due to the specific energy-dependence of the density of states in the two surfaces, resulting in very different doping dependencies of their quantum capacitances. Moreover, part of the reduction of mobility with increasing hole density stems from the doping-dependence of the bandstructure, as evidenced by the doping-dependence of the scattering lifetimes obtained combining the bandstructure calculations with the experimental values of the mobility. Additionally, our results indicate that, due to the orientationdependent sensitivity towards extrinsic disorder introduced by the B dopants, our co-doping approach leads to a frustrated insulator-to-metal transition in the (110) surface, and to a fully re-entrant insulator-to-metal transition in the (111) surface. Further improvements towards a robust metallicity could be achieved by optimizing the crystal growth [44] and the B doping process [8] in order to avoid the presence of discontinuities in the doped surface layer, minimize the mobility degradation upon the introduction of B dopants, and increase the free carrier density. At the same time, the effectiveness of the ionic gate may be improved by introducing an ultrathin boron nitride spacer layer between the H-terminated surface and the electrolyte, as it would strongly increase the mobility of the H-terminated surfaces [69, 70] and help in increasing the quantum capacitance of the two surfaces [41] . A combination of all these methods will likely be required to further increase the total hole density per unit surface while retaining a large enough mobility for metallic behavior, key ingredients necessary to finally reach the field-induced superconductivity predicted for both surfaces [17] [18] [19] .
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